The molar amounts of defective sites (M d ) in several titanium(IV) oxide (TiO 2 ) powders were determined using photoinduced reaction of electron accumulation in deaerated aqueous solutions containing sacrificial hole scavengers and subsequent reduction of methylviologen to its cation radical. The measurements of pH dependence of typical anatase and rutile TiO 2 powders showed that these defective sites were of electronic energy just below the conduction band edge of TiO 2 in ranges of 0-0.35 V for anatase and 0-0.25 V for rutile. A linear relation of M d with the rate constant of electron-hole recombination determined by femtosecond pump-probe diffuse reflection spectroscopy revealed that M d could be a quantitative parameter of recombination between a 2 photoexcited electron and a positive hole. The tendency for M d to increase, but not proportionally, with increase in the specific surface area suggested that these defective sites are mainly located near the external surfaces of TiO 2 particles. A reciprocal correlation between photocatalytic activity for water oxidation in aqueous silver sulfate solution and M d revealed that the rate of recombination is one of the predominant physical properties governing the activities of TiO 2 powders in this reaction system.
Introduction
Polycrystalline titanium(IV) oxide (TiO 2 ) has been widely used as semiconductor photocatalysts in liquid-solid as well as in gas-liquid regimes [1] [2] [3] [4] [5] [6] [7] [8] [9] because of its sufficient photostability in various circumstances, nontoxicity for environments, and potent ability to induce various types of redox reactions. 10, 11 It is well known that photocatalytic activity strongly depends on bulk and surface physicochemical properties of the TiO 2 powder, such as the kind of crystal structure, 12-15 surface area and particle size, [16] [17] [18] [19] [20] and surface hydroxyls. [21] [22] [23] Consequently, development of TiO 2 -photocatalytic systems with high efficiency by controlling the nature of TiO 2 is one of the most attractive targets of fundamental studies in this field.
A photocatalytic reaction is initiated by the generation of electron-hole (e --h + )
pairs by means of band-gap photoirradiation which can give rise to redox reactions with adsorbed species on the surface of the catalysis in competition with their disappearance due to mutual e --h + recombination. Thus, amount of adsorbed substrates and kinetic
parameters for e --h + recombination, e.g., lifetime and rate constant, might also be important factors to control photocatalytic activities. Actually, in our previous studies, 16, 22, [24] [25] [26] [27] we have demonstrated that the overall rate of photocatalytic reactions in some liquid systems is governed by capture of electrons and positive holes by a surface adsorbed substrate(s) and e --h + recombination. Moreover, this implies that a highly 3 active TiO 2 photocatalyst should possess two properties simultaneously: a large surface area to absorb a substrate and a high degree of crystallinity (or few surface and bulk defects) to reduce e --h + recombination. This working hypothesis has been supported by highly active TiO 2 photocatalysts synthesized by a novel method, hydrothermal crystallization in organic media (HyCOM). 7, 28, 29 Compared with measurement of the amount of adsorbed substrates (or the specific surface area), measurement of kinetic parameters of e --h + recombination seems rather difficult, mainly due to the limitation of time resolution in conventional techniques. Electron paramagnetic resonance (EPR) spectroscopy has been used for detecting active species generated by photoirradiation of TiO 2 particles in the initial step of the photocatalytic reaction. [30] [31] [32] [33] [34] [35] These EPR studies have revealed that electrons are trapped on the surfaces and/or inside titanium atoms, thus forming Ti 3+ species, [30] [31] [32] [33] [34] while positive holes are trapped by oxygen atoms in the crystalline lattice and/or surface hydroxyl groups. 32, 34, 35 Based on these findings, the reaction pathways of photocatalytic processes, especially for a photooxidation system, have been discussed and clarified in some aspects. 35 An alternative approach to determine e --h + behavior is to directly observe the dynamics of heterogeneous electron transfer on TiO 2 particles using ultrafast laser spectroscopy. Femtosecond pump-probe (PP) spectroscopy for TiO 2 particles and colloids [36] [37] [38] [39] [40] [41] [42] [43] has shown that certain surface sites trap electrons within a few tens of fs after the photoexcitation, giving a broad absorption at around 500-650 nm, 44, 45 and that their recombination with positive holes induces decay of absorption within 100 ps with second-order kinetics. 39, 40 In a separate experiment to quantify the amount of accumulated electrons by another chemical reaction, a deaerated aqueous solution containing colloidal platinum particles was added to the photoirradiated suspension under Ar instead of the addition of MV 2+ . After shaking the mixture for a few minutes, the gas phase was analyzed using a gas chromatograph (GC, Shimadzu, GC-8A, equipped with an MS-5A column (GL Sciences) and a TCD detector).
PP-DR spectroscopy. Details of PP-DR spectroscopy were reported previously 40, 41 and are briefly summarized as follows. The light source consisted of a mode-locked Ti:
sapphire laser (Spectra-Physics, Tsunami: 3960-L2S) pumped by an argon ion laser (Spectra-Physics, BeamLok: 2580C) with a regenerative amplifier system (Quantronix, 4812RGA/4823S/C), which was synchronously pumped by a mode-locked YLF laser 6 (Quantronix, 527DP-H). The final output was split into two beams with almost comparable intensities in order to pump two identical optical parametric generation (OPG)/optical parametric amplification (OPA) systems (Light Conversion, TOPAS).
One output beam (620 nm) was used as a probe beam (1.5 mJ/pulse), and the other was frequency-doubled in a BBO crystal to use as a pump beam (0.1-0.03 mJ/pulse). The pump and probe beams were collinearly focused and overlapped at the sample, and the diffusely reflected probe beam was measured in air at ambient temperature. Reflectance data were accumulated and recorded as absorption, 1-R/R 0 , where R and R 0 represent the intensity at a given delay and that in the absence of a pump pulse, respectively.
Photoirradiation and product analyses. The photocatalyst (50 mg) and a 5 cm (1000 rpm). The gaseous reaction product, O 2 , was analyzed using a GC (Shimadzu, GC-8A, equipped with an MS-5A column and a TCD detector). Details of the procedure for the photocatalytic reaction and the product analysis were reported previously 22 .
Results and Discussion
Electron accumulation on TiO 2 powders. 
As shown in Fig. 4 , in the lower pH region where negligible production of MV + · was observed with both TiO 2 suspensions, the blue color of TiO 2 was unchanged, i.e., the electron transfer given by eq. (1) 
A differential of eq. (5),
indicates that the density of defective sites is directly proportional to the derivative of amount of MV + · production (dM MV+ /dE), which provides a direct measure of the Although further investigations are necessary to understand the predominant factor leading to these different distributions, these results suggest that the electric energy of defective sites strongly depends on the kind and/or nature of TiO 2 particles.
According to the proposed reaction of eq. (1), it is expected that other reagents or reactions are also applicable for measuring the amount of Ti 3+ . In order to confirm this, the reduction of proton (H + ) catalyzed by the addition of a platinum colloid catalyst was carried out instead of the MV 2+ reduction.
When P-25 was used, for example, the liberation of 1.2 µmol of H 2 per 50 mg of TiO 2 , which is almost half that of MV + ·, was liberated. Thus, the observed MV + · production was induced by the accumulated electrons in defective sites of TiO 2 powders, and the amount of these defective sites could be quantified by the chemical reactions.
Correlation with other physical properties and photocatalytic activity. Figure 6 shows representative time profiles of Merck TiO 2 powder in PP-DR spectroscopy. When a 310-nm light beam (ca. 100 fs pulse) was irradiated onto TiO 2 powders, broad absorption in the visible-infrared region (In this system, diffuse reflected light at 620 nm was measured.) appeared and was decreased with increased time delay of the probe pulse at 620 nm. [40] [41] [42] [43] All of the TiO 2 samples studied here showed similar decay profiles consisting of very rapid (< ca. 250 fs) rise in absorption at 620 nm and its gradual decay.
The decay profiles could be reproduced by a second-order rate expression using the
where [e 0 ], k r , t, and BL represent the initial concentration of trapped electrons, second-order rate constant (cm 3 ps -1 ), time delay of the probe pulse (ps), and a component of the long-lived baseline, respectively. The parameter  (cm 3 ) includes a photoabsorption cross section of the components and depth of penetration of the pump pulse and must vary with the measurement conditions. As has been discussed, 40 
Consequently, we could estimate the overall rate of redox reaction by the rate of O 2 liberation from its time-course curve during the initial 0.5 h of photoirradiation (Table   1 ). Figure 9 shows a plot of photocatalytic activity versus M d . The rate of the reaction tended to decrease with increasing M d , suggesting that the rate of e --h + recombination might predominantly govern photocatalytic activity of this reaction, agreed well with our previous kinetic analyses. 22 Therefore, it is considered that a TiO 2 powder having relatively high crystallinity, low amount of defective sites, is appropriate in this type of reaction. On the other hand, it is also notable that some of TiO 2 powders (JRC-TIO-2, Merck) are fairly deviated from the inversed-proportional-curve of the correlation. The specific feature of these powders might be attributed to the crystal structure, i.e., anatase TiO 2 is not active for this photocatalytic reaction, and thus it is speculated that a rutile TiO 2 having high crystallinity might be the most suitable photocatalyst for this type of reaction. In order to clarify the influence of the crystalline phase, detailed studies are now under way, and the results will be reported elsewhere. The meanings of symbols are the same as those in Fig.7 . 
